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We discuss leptogenesis constraints on the mass of the right-handed W -boson (WR) in
a TeV-scale Left-Right seesaw model (LRSM) for neutrino masses. For generic Dirac mass
of the neutrinos, i.e. with all Yukawa couplings . 10−5.5, it has been pointed out that
successful leptogenesis requires a lower bound of 18 TeV on the WR mass, pushing it beyond
the reach of LHC. Such TeV-scale LRSM must, however, be parity-asymmetric for type-I
seesaw to give the observed neutrino masses. This class of models can accommodate larger
Yukawa couplings, which give simultaneous fits to charged-lepton and neutrino masses, by
invoking either cancellations or specific symmetry-textures for Dirac (MD) and Majorana
(MN ) masses in the seesaw formula. We show that in this case, the leptogenesis bound on
MWR can be substantially weaker, i.e. MWR & 3 TeV for MN .MWR . This happens due to
considerable reduction of the dilution effects from WR-mediated decays and scatterings, while
the washout effects due to inverse decays are under control for certain parameter ranges of
the Yukawa couplings. We also show that this model is consistent with all other low energy
constraints, such as lepton flavor violation and neutrinoless double beta decay. Thus, a
discovery of the right-handed gauge bosons alone at the LHC will not falsify leptogenesis as
the mechanism behind the matter-antimatter asymmetry in our Universe.
I. INTRODUCTION
Seesaw mechanism [1] provides a very simple way to understand the smallness of neutrino
masses. Two main ingredients of this mechanism are: (a) the introduction of right-handed (RH)
neutrinos N to the Standard Model (SM), and (b) endowing the N ’s with a Majorana mass which
breaks the accidental global B − L symmetry of the SM. In the context of the SM electroweak
gauge group SU(2)L ×U(1)Y , these two features do not follow from any underlying principle, but
are rather put in by hand. There are two classes of ultraviolet-complete theories where both these
ingredients of seesaw emerge in a natural manner: (i) the Left-Right (L-R) symmetric theories
of weak interactions based on the gauge group SU(2)L × SU(2)R × U(1)B−L [2], and (ii) SO(10)
Grand Unified Theory for all interactions [3]. The existence of the RH neutrinos is guaranteed
ar
X
iv
:1
40
8.
28
20
v2
  [
he
p-
ph
]  
21
 O
ct 
20
14
2by the gauge symmetry and anomaly cancellation in both cases, and their Majorana masses are
connected to the breaking scale of local B − L symmetry, which is a subgroup of the above gauge
groups. Furthermore, they also predict the number of N ’s to be three, corresponding to three
generations of fermions in the SM. Thus, the essential ingredients of seesaw are no more adhoc,
but are rather connected to symmetries of the extended theory. It is then important to explore
how new features of these symmetries can be probed in laboratory experiments. Our focus in this
article is on low-scale L-R symmetric models (LRSM), where the seesaw scale can be in the few TeV
range, accessible to the Large Hadron Collider (LHC), while satisfying the observed charged-lepton
and neutrino mass spectra.
The first question for such models is how the small neutrino masses can be understood if the
seesaw scale is indeed in the TeV range, since by naive expectations, the Dirac masses are expected
to be similar to the charged-lepton masses, which after seesaw would give rise to too large tau
neutrino mass. In the context of the minimal LRSM, this question becomes specially important
since the Higgs sector relates the neutrino Yukawa couplings with charged-lepton ones. There are
three ways to fit both charged-lepton and neutrino masses in such TeV-scale LRSM: (i) by choosing
one set of the Yukawa couplings to be . 10−5.5 for a particular vacuum expectation value (VEV)
assignment for the SM-doublet Higgs fields; (ii) by choosing larger Yukawa couplings and invoking
cancellations between Yukawa couplings in the Dirac neutrino mass matrix to get smaller Dirac
masses for neutrinos to get seesaw to work, and (iii) by choosing particular symmetry-motivated
textures for the Yukawa couplings that guarantee the leading order seesaw contribution to neutrino
masses to vanish (an example of such an LRSM is given in [4]). We call these models class I, II,
and III models respectively.
An attractive feature of the seesaw mechanism is that the same Yukawa couplings that give
rise to light neutrino masses can also resolve one of the outstanding puzzles of cosmology, namely,
the origin of matter-antimatter asymmetry, via leptogenesis [5] (for reviews, see e.g. [6]). The key
drivers of leptogenesis are the out-of-equilibrium decays of the RH Majorana neutrinos via the
modes N → Llφ and N → Lclφc, where Ll = (νl l)TL (with l = e, µ, τ) are the SU(2)L lepton
doublets, φ are the Higgs doublets, and the superscript c denotes the CP -conjugate. In the presence
of CP violation in the Yukawa sector, these decays can lead to a dynamical lepton asymmetry in
the early Universe, satisfying the three Sakharov conditions [7]. This asymmetry will undergo
thermodynamic evolution as the Universe expands and different reactions present in the model
have their impact on washing out part of the asymmetry. The remaining final lepton asymmetry
is converted to the baryon asymmetry via sphaleron processes [8] before the electroweak phase
3transition. There is also a weak connection between the CP violation in neutrino oscillations and
the amount of lepton asymmetry generated [6].
For TeV-scale seesaw models, the generation of adequate lepton asymmetry requires one to
invoke resonant leptogenesis [9, 10], where at least two of the heavy neutrinos have a small mass
difference comparable to their decay widths. In this case, the heavy Majorana neutrino self-
energy contributions [11] to the leptonic CP -asymmetry become dominant [12] and get resonantly
enhanced, even up to order one [9]. In the context of an embedding of seesaw into TeV-scale
LRSM, there are additional complications due to the presence of RH gauge interactions [13] that
contribute to the dilution and washout of the primordial lepton asymmetry generated via resonant
leptogenesis. This was explored in detail in [14], where it was pointed out that there is significant
dilution of the primordial lepton asymmetry due to ∆L = 1 scattering processes such as NeR ↔ qq¯′
mediated by WR. This leads to an extra suppression of the final lepton symmetry, in addition to
the usual inverse decay Lφ→ N and ∆L = 2 (0) scattering processes Lφ↔ Lcφc (Lφ) present in
generic SM seesaw scenarios. This additional dilution factor (also sometimes called efficiency) in
this case is κ ∼ Y
2M4WR
g4RM
4
N
, which for MN ∼ TeV and MWR ∼ 3 TeV can be easily . 10−9 for generic
Yukawa couplings Y ' 10−5.5. Combined with the dilution effects from inverse decays and entropy,
this implies that even for maximal CP asymmetry ε ∼ O(1), the observed baryon to photon ratio
ηBobs ∼ 6×10−10 [15] can be obtained only if MWR ≥ 18 TeV. This result is very important because,
as argued in [14], this can provide a way to falsify leptogenesis if a WR with mass below this limit
is observed in experiments.
Since this appears to be a “make or break” issue for the idea of leptogenesis, we investigate
whether there are any allowed parameter space in the TeV-scale LRSM where leptogenesis can
work with a weakened lower bound on MWR , without being in conflict with observed neutrino data
and charged-lepton masses. We work in a version of the model that is parity-asymmetric at the
TeV scale, which is anyway necessary if type-I seesaw is responsible for neutrino masses. According
to our classification above, the work of [14] falls into the class I models. We explore whether the
lower bound can be weakened in the other classes of models discussed above. It could very well be
that if other observations push the Yukawa parameters to the range of class I models, the bound
of [14] cannot be avoided, thereby providing a way to disprove leptogenesis at the LHC. However,
to see how robust and widely applicable the bound of [14] is, we consider in this paper an example
of a model which belongs to class II, i.e. neutrino fits are done by cancellation leading to a specific
texture for Dirac masses. Similar analysis can also be performed for class III models [4].
We implement the class II strategy for small neutrino masses in the minimal LRSM with a single
4bi-doublet field in the lepton sector, where some of the leptonic Yukawa couplings are significantly
larger than the canonical value of O(10−5.5) and the WR mass is in the few TeV range. As noted
above, to get small neutrino masses via type-I seesaw, we invoke cancellation between two Yukawa
couplings to generate extra suppression and a particular resulting texture for the Dirac masses.
We find that due to enhanced Yukawa couplings, the reaction rates of WR-mediated scatterings as
well 3-body decays of RH neutrinos N → `Rqq¯′ become sub-dominant to the rates of CP -violating
2-body decay modes N → Lφ,Lcφc. As a result, the lower limit on WR mass can be brought within
the LHC reach for a range of Yukawa couplings for which the washout effect due to inverse decays
Lφ→ N is in control. New aspects in our work that goes beyond that of [14] are the following: (i)
we give a realistic fit for all lepton masses and mixing with larger Yukawa couplings (∼ 10−2); (ii)
we calculate the primordial CP asymmetry ε in our model using the Yukawa couplings demanded
by our specific neutrino fit (see text for precise numbers), instead of just assuming the maximal
CP -asymmetry ε ∼ 1 as done in [14]; and (iii) we take the heavy-neutrino and charged-lepton flavor
effects into account in the thermodynamic evolution of the lepton asymmetry.1 It is a consequence
of (i) and (iii), which leads us to a weaker WR mass bound from leptogenesis.
This paper is organized as follows: in Section II, we discuss the basic ingredients of our new
TeV-scale LRSM with large Yukawa couplings; in Section II A we present a numerical fit for lepton
masses and mixing, and in Section II B we list the model predictions for low energy observables. In
Section III, we discuss the thermodynamic evolution of the lepton asymmetry, and present some
numerical results based on the fit given in Section II A. We also derive the new lower bound on
MWR from leptogenesis, which is the main result of our paper. In Section IV, we discuss some
future directions, including possible implications of our result for L-R seesaw phenomenology. Our
conclusions are given in V. Appendix A summarizes the reduced scattering cross sections used in
our solution to the Boltzmann equations.
II. REVIEW OF THE NEW LEFT-RIGHT SEESAW MODEL
We start by reviewing the basic structure of our model. As in the usual L-R models [2], the
fermions are assigned to the following irreducible representations of the gauge group SU(2)L ×
SU(2)R × U(1)B−L: denoting Q ≡ (u d)T and ψ ≡ (νl l)T as the quark and lepton doublets
respectively, QL : (2,1, 1/3) and ψL : (2,1,−1) are assigned to doublets under SU(2)L, while
1 For the importance of flavor effects in resonant leptogenesis, see e.g. [16] and references therein.
5QR : (1,2, 1/3) and ψR : (1,2,−1) are doublets under SU(2)R. Note that the B − L quantum
numbers directly follow from the definition of the electric charge: Q = T3L +T3R + (B−L)/2 [17],
where T3L and T3R are the third components of isospin under SU(2)L and SU(2)R respectively. The
Higgs sector of the model consists of the following multiplets under SU(2)L× SU(2)R ×U(1)B−L:
φ ≡
 φ01 φ+2
φ−1 φ
0
2
 : (2,2, 0), ∆R ≡
 ∆+R/√2 ∆++R
∆0R −∆+R/
√
2
 : (1,3, 2) . (1)
The gauge symmetry SU(2)R × U(1)B−L is broken by the triplet VEV 〈∆0R〉 = vR to the group
U(1)Y of the SM, whereas the VEV of the φ field 〈φ〉 = diag(κ, κ′) breaks the SM gauge group
SU(2)L × U(1)Y to U(1)em.
There are versions of the LRSM where parity and SU(2)R gauge symmetry scales are decoupled
so that the LH counterpart (∆L) to the ∆R field becomes heavy when the discrete parity symmetry
is broken, and disappear from the low energy theory [18]. Our model falls into this class of the so-
called “broken D-parity” models. The low energy Lagrangian in this case has invariance under the
L-R gauge group but not parity. An important consequence of this is that the type II contribution
to neutrino masses [19] are negligible and we can do neutrino fits only with type I seesaw [1].
We also wish to note that, in our model, the heavy scalar triplets ∆L(3,1, 2) can have masses
of order 1014 GeV or higher, so that the type I seesaw term dominates in the neutrino mass
formula. The question then arises regarding its impact on leptogenesis (for reviews on type-II
seesaw leptogenesis, see e.g. [20]). Whether type II leptogenesis produces a lepton asymmetry
from ∆L decays does not affect our result, since above the TeV scale, lepton number violating
decays of the RH neutrinos are in thermal equilibrium, and therefore, they will wash out any pre-
existing lepton asymmetry. The final lepton asymmetry in our model is dominantly produced by
the quasi-degenerate heavy neutrino decays via the resonant enhancement mechanism [9, 10] at
temperatures close to the heavy neutrino mass scale, at which the type-II contributions from ∆L
are hugely Boltzmann-suppressed and can be safely neglected.
To see how the fermions pick up mass and how seesaw mechanism arises in our L-R model, we
write down the generic Yukawa Lagrangian of the model:
LY = hqijQ¯L,iφQR,j + h˜qijQ¯L,iφ˜QR,j + hlijL¯iφRj + h˜lijL¯iφ˜Rj + fij(RiRj∆R + LiLj∆L) + H.c.,(2)
where i, j = 1, 2, 3 stand for the fermion generations, φ˜ = τ2φ
∗τ2 (τ2 being the second Pauli matrix)
and Li (Ri) are short-hand notations for the lepton doublets ψL(R),i. Note that if the theory obeyed
exact L-R symmetry, we would have the property that h = h† and h˜ = h˜†. Since we will be working
6in the D-parity broken version of the theory, we will assume the Yukawa couplings to be free of
these restrictions. After electroweak symmetry breaking, the Dirac fermion masses are given by
the generic formula Mf = h
fκ + h˜fκ′ for up-type fermions, while for down-type quarks and
charged-leptons, it is the same formula with κ and κ′ interchanged. The Yukawa Lagrangian in
Eq. (2) leads to the Dirac mass matrix for neutrinos MD = h
lκ + h˜lκ′ and the Majorana mass
matrix for the heavy RH neutrinos MN = fvR which go into the seesaw formula
Mν ' −MDM−1N MTD (3)
for calculating the neutrino masses and the heavy-light neutrino mixing. For MN ∼ few TeV, we
need to invoke cancellations between hκ and h˜κ′ to get small neutrino masses. We use this strategy
to illustrate that there exist parameter domains in the theory where the lower bound on WR mass
from leptogenesis can be weakened. For the RH neutrino mass matrix, we choose the following
texture:
MN =

δM M1 0
M1 0 0
0 0 M2
 , (4)
a motivation for this choice being that, for small δM , it leads “naturally” to quasi-degeneracy
between the first and second RH neutrinos, as required for resonant leptogenesis. The third RH
neutrino mass is kept as a free parameter in our numerical calculations, and could also be degenerate
with the other two RH neutrinos. We note here that the small Majorana mass parameter δM can
arise as a quantum effect at the one loop level in our model, i.e
δM ∼ M1
16pi2
(
hl1i
)∗
hl2i ln
(
Λ
M1
)
, (5)
where Λ is some ultraviolet cut-off scale. This is similar to the radiative leptogenesis models [21–
23] where the small mass splitting given by Eq. (5) is naturally induced by renormalization group
running effects from a higher energy scale Λ.
In L-R models, the charged-lepton mass and Dirac neutrino mass matrices are related, and
fitting the observed neutrino oscillation data simultaneously with the charged-lepton masses is
highly nontrivial. As we show below, the model discussed above can reproduce the observed
neutrino masses and mixing as well as the charged-fermion masses. Note that while we have
presented here only one example of such a fit, our subsequent analysis and results are generically
applicable to other textures with large Yukawa couplings.
7A. Neutrino Mass Fit
In the class of L-R models under consideration, we can always choose a basis of the LH sector
prior to SU(2)L × U(1)Y breaking such that the Dirac mass matrix MD can be written in an
upper-triangular form without affecting the RH neutrino texture. In this basis, the mass matrices
obtained from the Yukawa Lagrangian in Eq. (2) are given by
Ml =

h11κ
′ + h˜11κ h12κ′ + h˜12κ h13κ′ + h˜13κ
κ′2−κ2
κ′ h21 h22κ
′ + h˜22κ h23κ′ + h˜23κ
κ′2−κ2
κ′ h31
κ′2−κ2
κ′ h32 h33κ
′ + h˜33κ
 , (6)
MD =

h11κ+ h˜11κ
′ h12κ+ h˜12κ′ h13κ+ h˜13κ′
0 h22κ+ h˜22κ
′ h23κ+ h˜23κ′
0 0 h33κ+ h˜33κ
′
 , (7)
MN =

δM f12vR1 0
f12vR1 0 0
0 0 2f33vR2
 , (8)
where h = hl and h˜ = h˜l. Note that a small component δM is introduced in MN to lift the
degeneracy between two RH neutrinos, and this is a crucial parameter in the calculation of the
CP asymmetry in resonant leptogenesis. Introducing the short-hand notations a ≡ h11κ + h˜11κ′,
bi ≡ hi2κ + h˜i2κ′, ci ≡ hi3κ + h˜i3κ′, M1 ≡ f12vR,1 and M2 ≡ 2f33vR,2, and using the seesaw
formula (3), we can write the light neutrino mass matrix as
Mν = −

2ab1
M1
− δMb21
M21
+
c21
M2
ab2
M1
− δMb1b2
M21
+ c1c2M2
c1c3
M2
ab2
M1
− δMb1b2
M21
+ c1c2M2 −
δMb22
M21
+
c22
M2
c2c3
M2
c1c3
M2
c2c3
M2
c23
M2
 . (9)
For an order of magnitude estimate, let us assume that each component of Mν is of order√
∆m2atm ∼ 0.05 eV. For Mi ∼ 1 TeV and δM  Mi, it is clear that the natural choices are
abi = (h11κ+ h˜11κ
′)(hi2κ+ h˜i2κ′) ∼ 10−8 GeV2 and ci = hi3κ+ h˜i3κ′ ∼ 10−4 GeV. Note that the
terms δMbibj/M
2
1 in Eq. (9) are negligible as long as |a| & |bi| and |δM |  |Mi|. Using these esti-
mates, we scan over the parameter space to obtain several numerical fits to the neutrino oscillation
data, while satisfying the observed charged-lepton masses. For illustration, we present below one
8such fit:
Ml =

0.00120 −0.0512 −1.41
0 0.0926 −0.651
0 0 −0.863
 GeV, (10)
MD =

1.40 e0.31pi −1.55× 10−8 e−0.31pi −1.81× 10−4
0 2.85× 10−8 e−0.31pi −8.28× 10−5
0 0 −1.11× 10−4
 GeV, (11)
MN =

0.015 1752.069 0
1752.069 0 0
0 0 −1752.044
 , GeV (12)
where the first two columns ofMD are chosen to have opposite phases to makeMν real for simplicity.
We will see later that these matrices correspond to the lower bound on the heavy neutrino masses
that give the observed baryon asymmetry for MWR = 3 TeV. We diagonalize the charged-lepton
mass matrix by a bi-unitary transformation: M̂l = (V
L
l )
†MlV Rl , where
V Ll = i

−0.426 −0.434 −0.794
−0.236 0.900 −0.366
0.874 0.0309 −0.486
 , V Rl = i

−1.00 −0.00494 −0.000536
−0.00494 1.00 0.00379
−0.000517 −0.000379 1.00
 .(13)
The light neutrino mass matrix given by Eq. (9) is diagonalized by a unitary transformation:
M̂ν = V
T
ν MνVν , where
Vν =

−0.342i −0.0109 0.940
−0.745i 0.612 −0.264
0.572i 0.790 0.218
 . (14)
Here we have introduced a factor of i into Vν to make the light neutrino masses real and positive.
In this basis, the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix in the leptonic sector
is given by
VPMNS = (V
L
l )
†Vν =

0.821 0.551 0.148
−0.504 0.581 0.639
0.266 −0.600 0.755


1 0 0
0 −i 0
0 0 i
 , (15)
where the second matrix on the RHS of Eq. (15) is the Majorana phase matrix. Note that we
introduced the factors of i into V L,Rl in Eqs. (13) to write VPMNS in its standard form (15),
9Parameter Value
me 0.511 MeV
mµ 106 MeV
mτ 1.78 GeV
mν1 6.65× 10−3 eV
mν2 1.09× 10−2 eV
mν3 5.01× 10−2 eV
θ12 33.9
◦
θ23 40.3
◦
θ13 8.49
◦
mN1 1752.044 GeV
mN2 1752.062 GeV
mN3 1752.077 GeV
TABLE I: The lepton masses and mixing angles calculated from the mass matrices given by Eqs. (10)-(12).
assuming the Dirac CP phase to be zero.2 The resulting neutrino masses and mixing angles as
well as the charged-lepton masses are given in Table I. The charged-lepton masses are within 1% of
their current experimental values [15], and the differences can easily be explained by electroweak
radiative corrections. The mass-squared differences and mixing angles in the light neutrino sector
are within 1σ range of their global fit values [24].
Since Ml = hκ + h˜κ
′ and MD = hκ′ + h˜κ, the Yukawa couplings h, h˜ can be calculated once
κ and κ′ are appropriately chosen, with κ2 + κ′2 = v2, where v is the electroweak VEV. For a
particular choice of κ = 112.9 GeV and κ′ = 132.4 GeV (consistent with low-energy observables
and successful leptogenesis, as we will see later), we obtain
h =

−0.0185− 0.0273i 0.00142− 3.03× 10−10i −0.0390
0 0.00256 + 5.56× 10−10i −0.0180
0 0 −0.0239
 , (16)
h˜ =

0.0218 + 0.0320i 0.00121− 3.55× 10−10i 0.0333
0 −0.00219− 6.52× 10−10i 0.0154
0 0 0.0204
 . (17)
2 In principle, one could have a fit with non-zero Dirac CP phase or with different Majorana CP phases in Eq. (15).
However, this is irrelevant to our main results presented in Section III in the sense that they simply represent
viable choices of our model parameters for successful leptogenesis with low-scale WR.
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Before going into the leptogenesis analysis, we introduce an assumption that considerably sim-
plifies the calculations. In terms of the scalar bi-doublet φ [cf. Eq. (1)] and φ˜ = τ2φ
∗τ2, the leptonic
part of the Yukawa Lagrangian (2) can be explicitly written as
LlY = hij(φ01ν¯LiNRj + φ−1 l¯LiNRj + φ+2 ν¯LilRj + φ02 l¯LilRj)
+ h˜ij(φ
0∗
2 ν¯LiNRj − φ−2 l¯LiNRj − φ+1 ν¯LilRj + φ0∗1 l¯LilRj) + H.c. , (18)
Now we assume that the doublets φ1 and φ2 are approximate mass eigenstates, and that φ1 is
heavier than the RH neutrinos which also helps suppress the flavor changing neutral currents [25].
Under this assumption, not only the decay process N → φ1Ll is kinematically forbidden, but also
φ1 does not contribute to the absorptive part of the one-loop self-energy correction to the decay
process N → φ1Ll. Therefore, φ1 can be completely neglected in the CP asymmetry calculation,
and −h˜ in Eq. (17) solely determines the flavor effects relevant to the interactions involving RH
neutrinos in leptogenesis. With this assumption, mN = 1.75 TeV calculated from the example mass
matrices in Eqs. (10)-(12) gives the lower bound of the RH neutrino mass for MWR = 3 TeV. For
higher values of MWR , lower mN values are possible (see Section III, and Figure 4 in particular).
B. Predictions for Low-energy Observables
The class of L-R seesaw models with large Yukawa couplings gives rise to potentially large
contributions to various low-energy observables [4], most notably lepton flavor violation (LFV)
and neutrinoless double beta decay (0νββ). So we need to check whether the mass matrices given
in Eqs. (10)-(12) satisfy these constraints. We start with the LFV process µ− → e−e+e−, which
receives a tree-level contribution from the doubly-charged scalar fields in L-R model [26]:
BR(µ→ 3e) ≈ 1
2
(
MWL
MWR
)4 ∣∣∣∣∣∣M
′
N,12M
′
N,11
M2
∆++R
∣∣∣∣∣∣
2
, (19)
where M ′N,ij are the elements of the RH neutrino mass matrix in the basis in which the charged-
lepton mass matrix is diagonal. For the numerical fit presented in Section II A, the current exper-
imental upper limit BR(µ→ 3e) < 1.0× 10−12 [15] implies a lower limit of M∆++R & 4 TeV.
The scalar sector also induces one-loop contributes to the process µ→ eγ [27]:
BR(µ→ eγ)∆R ≈
2αWM
4
WL
3pig4L
∣∣∣∣∣∣(f
′†f ′)12
M2
∆++R
∣∣∣∣∣∣
2
, (20)
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Low-energy Model Experimental
observables Prediction Limit
BR(µ→ eγ) 1.3× 10−15 < 5.7× 10−13 [30]
BR(τ → µγ) 2.4× 10−17 < 4.4× 10−8 [15]
BR(τ → eγ) 5.7× 10−17 < 3.3× 10−8 [15]
BR(µ→ 3e) 9.3× 10−13 < 1.0× 10−12 [15]
RTiµ→e 2.9× 10−18 < 6.1× 10−13 [33]
RAuµ→e 1.0× 10−17 < 7.0× 10−13 [34]
RPbµ→e 5.1× 10−19 < 4.6× 10−11 [35]
T 0ν1/2(
76Ge) [yr] (0.2− 1.8)× 1027 > 3× 1025 [40]
T
1/2
1/2 (
136Xe) [yr] (5.7− 7.3)× 1026 > 2.6× 1025 [41]
T
1/2
1/2 (
130Te) [yr] (5.7− 9.7)× 1025 > 2.8× 1024 [42]
TABLE II: Model predictions for the low-energy observables with the fit shown in Section II A and their
comparison with the current experimental limits.
where f ′ ≡ −(V Rl )TfV Rl and αW ≡ g2L/4pi. For the numerical fit in Section II A and for M∆++R
= 4 TeV, we obtain BR(µ → eγ)∆R ' 1.1 × 10−15. There is a similar contribution from the
singly-charged scalars in the loop:
BR(µ→ eγ)φ ≈
2αWM
4
WL
3pig4L
∣∣∣∣∣∣(h
′h′†)12
M2
φ+1
∣∣∣∣∣∣
2
, (21)
where h′ ≡ (V Ll )†hV Rl . For Mφ+1 = 10 TeV, we obtain BR(µ → eγ)φ = 6.8 × 10
−18. There are
additional contributions to BR(µ→ eγ) from loops involving WL [28] and WR [29], which however
turn out to be sub-dominant in our model. The total effect, including interference between the
scalar loop diagrams, is found to be BR(µ → eγ) = 1.3 × 10−15 for MWR = 3 TeV, which is
consistent with the current experimental limit: BR(µ → eγ)exp < 5.7 × 10−13 at 90% CL [30].
Similar analysis can be done for τ → µγ and τ → eγ processes; however, these LFV decays are
highly suppressed due to our choice of the Yukawa coupling texture [cf. Eqs. (16) and (17)].3 Our
results are summarized in Table II, along with the corresponding experimental limits.
Another important LFV process is the µ − e conversion, for which the dominant contribution
3 Recall that this texture provided for a way to get small neutrino masses without necessarily making any of the
model parameters arbitrarily small. One can of course choose different textures so that the τ -induced LFV decay
rates can be enhanced. Since our goal in this paper is to point out a way to relax the leptogenesis lower bound
on WR mass, we only considered those textures which give an enhanced µ→ eγ branching ratio, which has better
experimental prospects of being tested in near future.
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in our model comes from the WL-loops. This has been recently reevaluated in [31] (see also [32]),
and we use their expressions to compute the model predictions for three relevant nuclei, as shown
in Table II.
For completeness, we also show the model predictions for the 0νββ half life of three relevant
nuclei. Here we have taken into account the mixed LH-RH contributions [36], in addition to the
canonical light neutrino contribution [37] and purely RH contributions [38]. The range of the
half life prediction corresponds to the nuclear matrix element uncertainties [39] in various 0νββ
amplitudes in the L-R model. We find that due to relatively large WL −WR mixing in our model,
tan 2ξ ' 2κκ′/v2R ∼ 7.0× 10−4, the η-contribution is the dominant one.
It should be noted that some of our model predictions in Table II are within reach of next
generation experiments, e.g. MEG-II [43] for BR(µ→ eγ), GERDA-II [44] and Majorana [45] for
T 0ν1/2(
76Ge), EXO-200 [46] for T 0ν1/2(
136Xe) and CUORE [47] for T 0ν1/2(
130Te). Also note that we can
choose different values of model parameters that give smaller LFV and 0νββ rates and it is still
possible to have the observed baryon asymmetry with MWR = 3 TeV (see Section III). Therefore,
new stronger experimental constraints on low-energy observables do not necessarily require any
larger MWR to have successful leptogenesis.
III. THERMODYNAMIC EVOLUTION OF LEPTON ASYMMETRY IN PRESENCE
OF RIGHT-HANDED INTERACTIONS
The time-evolution of the number density of heavy neutrinos and lepton asymmetries can be
described by a set of coupled Boltzmann equations [6]. Adopting the formalism of [22], we write
down the flavor-diagonal Boltzmann equations in terms of the normalized number densities of
heavy neutrinos ηNα = n
N
α /nγ and the normalized lepton asymmetries η
∆L
l = (n
L
l − n¯Ll )/nγ :
HNnγ
z
dηNα
dz
= −
(
ηNα
ηNeq
− 1
)∑
k
(
γDkα + γ
SL
kα + γ
SR
kα
)
, (22)
HNnγ
z
dη∆Ll
dz
=
∑
α
εlα
(
ηNα
ηNeq
− 1
)∑
k
γ˜Dkα
− 2
3
η∆Ll
[∑
α
(
Blα
∑
k
γDkα + γ˜
SL
lα + γ˜
SR
lα
)
+
∑
k
(
γ
(∆L=2)
lk + γ
(∆L=0)
lk
)]
, (23)
where k, l = e, µ, τ and α = 1, 2, 3 are the lepton and heavy neutrino indices respectively, z =
mN1/T is a dimensionless variable, HN ≡ H(z = 1) ' 17m2N1/MPl is the Hubble parameter at
z = 1, assuming only SM degrees of freedom in the thermal bath. The number densities of heavy
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neutrinos and lepton asymmetries are normalized to the photon number density
nγ =
2m3N1ζ(3)
pi2z3
, (24)
where ζ(x) =
∞∑
n=1
n−x is the Riemann zeta function, with ζ(3) ≈ 1.20206. The normalized equilib-
rium number density of the heavy neutrinos is given by
ηNeq ≡
nNeq
nγ
=
1
2ζ(3)
z2K2(z) , (25)
where Kn(x) is the nth-order modified Bessel function of the second kind.
In Eq. (23), εlα and Blα are respectively the individual lepton-flavor CP asymmetries and
branching ratios for the heavy Majorana neutrino decays generating the lepton number asymmetry:
εlα =
1
ΓNα
[Γ(Nα → Llφ)− Γ(Nα → Lclφc)] , (26)
Blα =
1
ΓNα
[Γ(Nα → Llφ) + Γ(Nα → Lclφc)] . (27)
The partial decay widths in Eqs. (26) and (27) are expressed as
Γ(Nα → Llφ) = mNαAlαα(ĥ) , Γ(Nα → Lclφ†) = mNαAlαα(ĥc) , (28)
where Alαβ are the absorptive transition amplitudes:
Alαβ(ĥ) =
1
16pi
ĥlαĥ
∗
lβ , (29)
and ĥ are the one-loop resummed effective Yukawa couplings [10], which take into account the
unstable particle-mixing effects in the heavy neutrino self-energy diagrams in the resonant lepto-
genesis scenario. In the heavy neutrino mass eigenbasis, we have [10, 48]
ĥlα = ĥlα − i
∑
β,γ
|αβγ |ĥlβ (30)
× mα(mαAαβ +mβAβα) − iRαγ [mαAγβ(mαAαγ +mγAγα) +mβAβγ(mαAγα +mγAαγ)]
m2α − m2β + 2im2αAββ + 2iIm(Rαγ)[m2α|Aβγ |2 + mβmγRe(A2βγ)]
,
where αβγ is the usual Levi-Civita antisymmetric tensor, and
Rαβ =
m2α
m2α − m2β + 2im2αAββ
. (31)
All the transition amplitudes Aαβ ≡ Aαβ(ĥ) in Eq. (30) are evaluated on-shell with p2 = m2Nα ≡ m2α
using the tree-level Yukawa couplings ĥlα. The CP -conjugate effective Yukawa couplings h
c
lα can
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be obtained from Eq. (30) by replacing hlα with their complex conjugates h
∗
lα. Using Eqs. (28) and
summing over all charged-lepton flavors, we obtain the total 2-body decay width
ΓNαLφ =
∑
l
[Γ(Nα → Llφ) + Γ(Nα → Lclφc)] =
mNα
16pi
[
(ĥ† ĥ)αα + (ĥc† ĥc)αα
]
. (32)
In addition to the usual 2-body decay mode discussed above, the L-R model gives rise to a
3-body decay mode of Nα, mediated by an off-shell WR. This is a CP -conserving channel, being
governed only by gauge interactions, and does not lead to any additional lepton asymmetry, but only
contributes to the depletion of Nα and dilution of the lepton asymmetry. Assuming mNα ≤MWR ,4
the 3-body decay width is given by
Γ(Nα → lRqRq¯′R) = Γ(Nα → l¯Rq¯Rq′R) =
3g4R
29pi3m3Nα
∫ m2Nα
0
ds
m6Nα − 3m2Nαs2 + 2s3
(s−M2WR)2 +M2WRΓ2WR
, (33)
where ΓWR ' (g2R/4pi)MWR is the total decay width of WR, assuming that all three heavy neutrinos
are lighter than WR. Thus, the total heavy neutrino decay width appearing in the denominator of
Eqs. (26) and (27) is given by
ΓNα =
∑
l
[
Γ(Nα → Llφ) + Γ(Nα → Lclφ†)
]
+ 2 Γ(Nα → lRqRq¯′R) . (34)
Using the above definitions, the flavored CP -asymmetries εlα for the example fit in Section II A
are given by
ε =

−0.103882 −0.528076 −0.0699693
−0.0171983 −0.0069479 −0.0162488
0 0 0
 . (35)
Thus, in our model, the CP -asymmetries in the electron and muon sector could be resonantly
enhanced and become close to maximal, while there is no CP -asymmetry generated in the tau-
sector. Thus, the final lepton asymmetry will only be generated in the electron and muon sectors,
as we discuss below.
4 Note that for mNα > MWR , the decay mode N → lRWR will become dominant over the N → Lφ mode, which
makes leptogenesis unfeasible [13]. Therefore, we will only consider the case with mNα ≤MWR .
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A. Decay and Scattering Terms
The various decay and scattering rates in Eqs. (22) and (23) are given below in terms of the
physical decay and scattering parameters involving the heavy neutrinos:5
γDlα = γ
Nα
Llφl
+ γNαlRqq¯′ , (36)
γ˜Dlα = γ
Nα
Llφl
, (37)
γSLlα = γ
NαLl
Quc + γ
Nαuc
LlQc
+ γNαQLlu + γ
NαLl
φ†Vµ
+ γ
NαVµ
Llφ
+ γNαφ
†
LlVµ
, (38)
γ˜SLlα =
ηNα
ηNeq
γNαLlQuc + γ
Nαuc
LlQc
+ γNαQLlu +
ηNα
ηNeq
γNαLl
φ†Vµ
+ γ
NαVµ
Llφ
+ γNαφ
†
LlVµ
, (39)
γSRlα = γ
NαlR
u¯RdR
+ γNαu¯R
lRd¯R
+ γNαdRlRuR , (40)
γ˜SRlα =
ηNα
ηNeq
γNαlRu¯RdR + γ
Nαu¯R
lRd¯R
+ γNαdRlRuR , (41)
γ
(∆L=2)
lk = γ
′Llφl
Lckφ
†
k
+ γLlLk
φ†l φ
†
k
, (42)
γ
(∆L=0)
lk = γ
′Llφl
Lkφk
+ γ
Llφ
†
l
Lkφ
†
k
+ γ
LlL
c
k
φlφ
†
k
. (43)
The scattering terms involving two heavy neutrinos in the initial state, e.g. induced by a t-channel
WR or eR, and by an s-channel ZR, are not included here since their rates are doubly Boltzmann-
suppressed and numerically much smaller than the scattering rates given above [14, 49, 50].6
The decay rates are explicitly given by
γNαLlφ =
m3Nα
pi2z
K1(z)
[
Γ(Nα → Llφ) + Γ(Nα → Lclφ†)
]
, (44)
γNαlRqq¯′ =
m3Nα
pi2z
K1(z)
[
Γ(Nα → lRqRq¯′R) + Γ(Nα → l¯Rq¯Rq′R)
]
. (45)
The various collision terms for the 2↔ 2 scattering processes XY ↔ AB are defined as
γXYAB =
m4N1
64pi4z
∫ ∞
xthr
dx
√
xK1(z
√
x)σˆXYAB (x), (46)
where x = s/m2N1 with the kinematic threshold value xthr = max[(mX +mY )
2, (mA +mB)
2]/m2N1 ,
and σˆXYAB (x) are the relevant reduced cross sections, whose explicit expressions are given in Ap-
pendix A.
For ∆L = 2 processes Llφ↔ Lckφc and LlLk ↔ φcφc, and ∆L = 0 processes Llφ↔ Lkφ, Llφc ↔
Lkφ
c, LlL
c
k ↔ φφc, only the resonant parts of Llφ ↔ Lckφc and Llφ ↔ Lkφ give the dominant
5 Here we have ignored the sub-dominant chemical potential contributions from the lepton, quark and Higgs
fields [22].
6 In a version of the L-R model where the φl’s are leptophilic [4], the ∆L = 1 scatterings involving SM quarks, e.g.
NαLl ↔ Quc, are also absent.
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contributions in the resonant leptogenesis scenario. Using the narrow width approximation for the
resummed heavy-neutrino propagators, these scattering rates can be written as [23]
γLkΦLlΦ =
∑
α,β
(
γNαLΦ + γ
Nβ
LΦ
)
(
1− 2i mNα −mNβΓNα + ΓNβ
) 2
(
ĥ∗lαĥ
c∗
kαĥlβĥ
c
kβ + ĥ
c∗
lαĥ
∗
kαĥ
c
lβĥkβ
)
[
(ĥ†ĥ)αα + (ĥc
†ĥc)αα + (ĥ†ĥ)ββ + (ĥc
†ĥc)ββ
]2 , (47)
γLkΦLclΦc
=
∑
α,β
(
γNαLΦ + γ
Nβ
LΦ
)
(
1− 2i mNα −mNβΓNα + ΓNβ
) 2
(
ĥ∗lαĥ
∗
kαĥlβĥkβ + ĥ
c∗
lαĥ
c∗
kαĥ
c
lβĥ
c
kβ
)
[
(ĥ†ĥ)αα + (ĥc
†ĥc)αα + (ĥ†ĥ)ββ + (ĥc
†ĥc)ββ
]2 , (48)
where γNαLφ ≡
∑
l γ
Nα
Llφ
, and ΓNα is the total decay width of Nα given by (34). The RIS-subtracted
collision rates γ′LkφLlφ and γ
′Lkφ
Lclφ
c can be obtained from Eqs. (47) and (48) respectively by taking
α 6= β.
B. Analytic Solution for Lepton Asymmetry
Using Eq. (22), Eq. (23) can be rewritten as
dη∆Ll
dz
= −
∑
α
εlα
dηNα
dz
D˜α
Dα + SLα + S
R
α
− 2
3
η∆Ll Wl(z) , (49)
where D˜α =
z
HNnγ
∑
k
γ˜Dkα , (50)
Dα =
z
HNnγ
∑
k
γDkα , (51)
SL,Rα =
z
HNnγ
∑
k
γ
SL,R
kα , (52)
Wl =
z
HNnγ
[∑
α
(
Blα
∑
k
γDkα + γ˜
SL
lα + γ˜
SR
lα
)
+
∑
k
(
γ
(∆L=2)
lk + γ
(∆L=0)
lk
)]
. (53)
For the example fit discussed in Section II A, the dimensionless collision terms given above are
shown numerically in Figure 1. Here H = zH(z)/HN is a measure of the Hubble expansion rate,
D˜ (D) denotes the 2-body (total) decay rate of N , D− D˜ denotes the 3-body decay rate of N , SL
and SR are the scattering rates induced by LH and RH currents respectively and W is the total
washout rate. The vertical dashed line shows the critical temperature zc = mN1/Tc, where Tc is
the critical temperature for the electroweak phase transition, given at one loop by [51]
T 2c =
1
4D
[
M2H −
3
8pi2v2
(2M4W +M
4
Z − 4M4t )−
1
8pi2v4D
(2M3W +M
3
Z)
2
]
, (54)
with D = 1
8v2
(2M2W +M
2
Z +2m
2
t +M
2
H). For T < Tc (or equivalently, for z > zc), the conversion of
lepton asymmetry to the baryon sector freezes out as the sphaleron processes become ineffective.
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FIG. 1: The dimensionless collision rate parameters defined in Eqs. (50)-(53), compared with the rescaled
Hubble rate H = zH(z)/HN . We have shown the results for α = 1 and l = 1, and for the fit given
in Section II A. The vertical dashed line shows the critical temperature zc = mN1/Tc, beyond which the
sphaleron transitions freeze out.
Using the latest experimental values of the SM mass parameters, we obtain Tc = 149.4
+0.7
−0.8 GeV [16].
It is clear that for z < zc, we are in the strong washout regime (Γ  H). More importantly, due
to the relatively large Yukawa couplings in our model, the decay rate is sizable compared to the
scattering and washout rates around z = zc, thus yielding a successful leptogenesis, even with a
low-scale MWR , as shown below.
Assuming negligible initial lepton asymmetry, the solution of Eq. (49) can be written in terms
of the CP asymmetry and the efficiency factor, as follows:
η∆Ll (z) = −
∑
α
εlακlα(z) , (55)
where the efficiency factor is given by
κlα(z) =
∫ z
zi
dz′
dηNα
dz′
D˜α
Dα + Sα
exp
[
−2
3
∫ z
z′
dz′′Wl(z′′)
]
, (56)
with Sα ≡ SLα +SRα denoting the total scattering rate. The double integral in Eq. (56) can be solved
numerically to get an exact value of the lepton number asymmetry. In the strong washout regime
of resonant leptogenesis, the density of heavy neutrinos closely follows its equilibrium abundance,
i.e. (ηNα /η
N
eq−1) 1. In this case, we can obtain an analytic solution to the integral equation (55),
following Ref. [52]. Using Eq. (25), we obtain
dηNα
dz
' dη
N
eq
dz
= − 1
2ζ(3)
z2K1(z) . (57)
18
where we have used the property of the Bessel function: Kn+1(z)−Kn−1(z) = (2n/z)Kn(z). Also
the inverse decay term on the RHS of Eq. (53) can be written as
Wl ⊃ z
HNnγ
∑
α
Blαγ
Nα
Lφ =
1
2ζ(3)
z3K1(z)
∑
α
BlαKα ≡ 1
2ζ(3)
z3K1(z)Kl , (58)
where Kα = Γ
Nα
Lφ /HN . The scattering terms in Eq. (53) can be included in Eq. (58) by scaling
Kl → Keffl = κ′lKl [23], where
κ′l = 1 +
∑
α γ˜
S
lα +
∑
k
(
γ
(∆L=2)
lk + γ
(∆L=0)
lk
)
∑
αBlαγ
Nα
Lφ
. (59)
With these substitutions, Eq. (49) can be rewritten as
dη∆Ll
dz
=
1
2ζ(3)
z2K1(z)
[∑
α
εlα
D˜α
Dα + Sα
− 2
3
zKeffl η
∆L
l
]
. (60)
Eq. (60) is an ordinary differential equation of the form dydx+P (x)y = Q(x) which can be analytically
solved using the integrating factor method. In the regime 2(Keffl )
−1/3 . z . 1.25 ln(25Keffl ) ≡ zf ,
the solution to Eq. (60) can be approximated by
η∆Ll (z) '
3
2zKeffl
∑
α
εlα
D˜α
Dα + Sα
. (61)
Note that the final lepton asymmetry relevant for the observed baryon asymmetry should be
evaluated at z = zc as a function of the model parameters, most importantly the Yukawa couplings
and MWR . This value should be compared with η
∆L
obs = −(2.47 ± 0.03) × 10−8 [16] in order to be
compatible with the 68% CL Planck value for the observed baryon asymmetry in our Universe [53],
after taking into account the sphaleron transition and entropy dilution effects. Thus for zf & zc,
Eq. (61) gives a good approximation for η∆Ll (zc), irrespective of the initial conditions.
For illustration, we give below the numerical values of the final lepton asymmetry in each flavor
using Eq. (61), corresponding to the fit presented in Section II A with the CP asymmetry given by
Eq. (35):
η∆Le = −2.28852× 10−8, η∆Lµ = −1.739× 10−9, η∆Lτ = 0 . (62)
Thus, the final lepton asymmetry is mostly generated in the electron sector for this particular fit,
due to the structure of the Yukawa couplings in Eq. (17), and of the CP -asymmetry in Eq. (35).
C. Lower Bound on the Mass of WR
Before analyzing the dependence of the total lepton asymmetry η∆L(zc) =
∑
l η
∆L
l (zc)
[cf. Eq. (61)] on the WR mass, it is useful to study its parametric dependence on the overall
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scale of the largest Yukawa coupling in the model, which can be schematically written as
η∆L(zc) ' aY
2
(a′Y 2 + b′)(aY 2 + b)
, (63)
since D˜ ∼ aY 2, while D + S ∼ aY 2 + b, and Keffl ∼ a′Y 2 + b′, where a, b, a′, b′ are WR-mass
dependent parameters, but independent of the Yukawa couplings. Here we have assumed that for
any given Yukawa coupling matrix, the correct CP -asymmetry ε in Eq. (61), as required to match
η∆Lobs , can be obtained by changing the degeneracy parameter δM in Eq. (4) and the relevant CP
phases appropriately. Therefore, we have treated ε as a constant parameter with respect to the
scale of Yukawa couplings to write down the relation (63). From this relation, we observe that
for very small Yukawa couplings, the 2-body decay rate D˜ is small, while the scattering effects
induced by the RH gauge currents for a relatively low WR-scale, give a large contribution to the
dilution factor D + S and the washout factor Keffl , both of which are almost independent of Y
in the small Yukawa regime. Therefore, the final lepton asymmetry will be suppressed for small
Yukawa couplings, as expected for vanilla seesaw, which gives the lower bound of 18 TeV on the
WR mass [14]. On the other hand, for large Yukawa couplings, as in our model, the 2-body decay
rate is large compared to the scattering and washout rates induced by RH currents, and hence, we
would naively expect the lower bound on MWR to be weaker. As we show below, this is indeed
the case, but at the same time, we should keep in mind that the washout due to inverse decay
Lφ→ N as well as the ∆L = 2 scatterings are also large, being induced by the same large Yukawa
couplings.7 Thus, the final lepton asymmetry becomes proportional to Y −2 in the large Yukawa
limit, and therefore, the lower limit on WR cannot be arbitrarily weakened by just increasing the
scale of the Yukawa coupling matrix.
From Eq. (63) and the subsequent discussion above, it is clear that there exists some intermediate
value of Y for which the final lepton asymmetry is the maximum, and it decreases rapidly when
either Y  1 or Y → 1. This is numerically verified in Figure 2 for various WR masses. Here
Y denotes the largest entry in the rescaled Yukawa coupling matrix obtained by multiplying an
overall factor to Eq. (17), whose flavor structure is fixed by the neutrino fit discussed in Section
2. We find from Figure 2 that there exists a range of Y between 10−3 - 10−1 where the maximum
lepton asymmetry is obtained in our low-scale L-R seesaw model. This demonstrates that MWR as
low as 3 TeV is still compatible with successful leptogenesis, as long as the Yukawa couplings are
in the favorable range.
7 The 3-body inverse decay lRqRq¯
′
R → N is sub-dominant compared to Lφ → N , and can be ignored in this
discussion.
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FIG. 2: The final lepton asymmetry as a function of the scale of Yukawa coupling matrix for various WR
masses. The dashed horizontal line shows the value required to satisfy the observed baryon asymmetry.
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FIG. 3: Realistic fits shown by the dots, compared with the value obtained by rescaling the Yukawa couplings
(solid line) for the MWR = 3 TeV.
One might question whether it is always possible to have a realistic fit with variations in the
overall scale of the Yukawa coupling matrix, as done in Figure 2. To answer this question, we present
a set of realistic fits (shown by the dots) in Figure 3 for a fixed MWR = 3 TeV. For comparison,
we also show the result obtained by varying the VEVs κ, κ′ and the Yukawa couplings (solid line,
same as in Figure 2 for MWR = 3 TeV) for fixed mass matrices given by Eqs. (10)-(12), while
requiring them to satisfy all the low-energy constraints, as discussed in Section II B. We find that
the two results are quite close for Y & 10−2. There appear two branches of solutions around the
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FIG. 4: The allowed parameter space in our TeV-scale L-R seesaw model, satisfying all the constraints in
the lepton sector, including the neutrino oscillation data, LFV and leptogenesis constraints.
maximum value because two lepton asymmetry values exist around κ = κ′ which is the singular
point where we have no solution of Yukawa couplings for given mass matrices Eqs. (10)-(12). For
smaller values of Y , the lepton asymmetry decreases much faster than that expected from Eq. (63),
presumably because the CP -asymmetry depends on Y in this regime.
22
The allowed model parameter space yielding the correct value of lepton asymmetry in Figure 3
is not just one exceptional fine-tuned situation. Instead, there exist several realistic numerical fits
satisfying all the experimental constraints as well as yielding successful leptogenesis in our TeV-
scale L-R model. This is demonstrated in Figures 4 (a)-(f), where we show the allowed parameter
space in terms of correlations between various relevant model parameters, namely MWR and the
Majorana mass parameters δM , M1 and M2 [cf. Eq. (4)]. It is clear that we have several solutions
with MWR well below the previous lower bound of 18 TeV [14].
Finally, we examine if a weaker lower limit on the mass of WR can be set from leptogenesis
constraints in the class of L-R seesaw models we are considering here. The results are shown in
Figure 5 for various choices of the degeneracy parameter δM , while the Yukawa couplings are
kept fixed by choosing the neutrino fit of Section II A. We find that the lower limit on MWR is
obtained when δM is of the same order as the total decay width of the heavy neutrinos, i.e. when
the resonant condition [9] is exactly satisfied to yield the maximum CP asymmetry for a given
Yukawa structure. For δM  ΓN , the CP -asymmetry gets suppressed by δM and vanishes as
we approach the exact degeneracy limit δM → 0, unless the contributions from the third heavy
neutrino decays are significant. Similarly, for δM  ΓN , we are in the hierarchical limit, when
the CP -asymmetry is dominantly produced from the decay of the lightest heavy neutrino, with no
resonant enhancement effects. From Figure 5, we obtain a lower limit of MWR > 3 TeV.
For the extreme case with all the three RH neutrino masses quasi-degenerate with each other
and also with WR, we obtain the absolute lower limit of MWR > 2.2 TeV for successful leptogenesis.
However, most of the allowed model parameter space is obtained for MWR & 3 TeV or so, as shown
in Figure 4.
IV. DISCUSSIONS
• Flavor Off-Diagonal Effects: The Boltzmann equations (22) and (23) used in our lepto-
genesis analysis include only the diagonal flavor effects, i.e. the heavy neutrino and charged-
lepton number densities were assumed to be diagonal. In general, flavor effects in resonant
leptogenesis can give rise to three distinct physical phenomena [16]: (i) resonant mixing
between different heavy neutrino flavors, (ii) coherent oscillations between different heavy
neutrino flavors, and (iii) coherences in the charged lepton sector. We have accounted for the
first effect by using the effective Yukawa couplings, following the prescription given in [10].
The third effect, namely charged-lepton coherences, is also partially taken into account in
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FIG. 5: The final lepton asymmetry as a function of the WR mass for various values of the degeneracy
parameter.
L-R models due to the inherent correlation between the charged lepton and neutrino Yukawa
couplings. However, the flavor-diagonal Boltzmann equations (22) and (23) do not take into
account the coherent oscillations between the heavy neutrino flavors, which could give rise
to an additional source of CP -asymmetry [54]. It has been recently pointed out that the
heavy neutrino oscillations around z = 1 could enhance the final lepton asymmetry by up
to a factor of two [16]. In this sense, the lepton asymmetry results and the lower bound on
MWR presented in the previous section can be treated as conservative estimates, and could
be further improved by generalizing the semi-classical Boltzmann equations (22) and (23) to
the so-called ‘density matrix formalism’ [55]8 and by taking into account all the flavor effects
in a consistent manner by means of a fully flavor-covariant treatment [16].
• Collider Prospects: L-R models offer a unique probe of the Majorana nature of neutrinos
via the smoking gun signature of same-sign dilepton plus two jets mediated by purely RH
gauge currents [57]. It must be emphasized here that, in the new class of models we have
considered here, the quasi-degeneracy between the heavy neutrinos implies that, in the ab-
sence of the RH currents, the amplitude of the lepton number violating signal at colliders
will be proportional to MDM
−1
N M
T
DM
−1
N , and hence, negligible, unless there is a resonant
enhancement effect [58]. On the other hand, in presence of the RH currents, there is a new
contribution induced by the mixing between light and heavy neutrinos [59], whose amplitude
8 For an application of the ‘density matrix formalism’ to study flavor effects in leptogenesis, see [16, 56].
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is only proportional to MDM
−1
N . Hence, for relatively large Yukawa couplings as required
for successful leptogenesis at low seesaw scale, the new ‘smoking gun’ collider signal will be
the so-called RL channel [59] with different helicity structure from the usual RR mode [57],
and can be distinguished using simple kinematic variables [59, 60]. Also, the observation
of lepton number violating signal at the LHC would rule out high-scale models of leptoge-
nesis [61], and might be able to shed light on the resonant leptogenesis scenarios discussed
above.
• CMS Excess: While our paper was being finalized, the CMS collaboration announced
their results for the WR search at
√
s = 8 TeV LHC with 19.7 fb−1 data [62]. Although they
have claimed no significant excess of events over the SM expectation, and have presented
95% CL exclusion contours in the (MWR ,MN ) plane which now extends up to MWR = 3
TeV, there seems to be a 2.8σ excess in the invariant mass of the eejj system around 2.1
TeV. This can be interpreted as due to a heavy neutrino production and decay in LRSM
with MWR around 2.1 TeV, but with gR/gL ' 0.6 and VeN ' 0.9 [63]. If the excess turns
out to be statistically significant in future with more data (and independent scrutiny from
ATLAS), it might be an evidence for L-R symmetry with high-scale parity breaking [18].
In this case, the leptogenesis constraints derived in this paper, assuming gR = gL, will be
significantly weakened due to gR < gL. In fact, all the scattering and washout processes
due to RH currents will be suppressed by a factor of (gL/gR)
4 ' 8. This would mean that
MWR ' 2.1 TeV is still compatible with the leptogenesis constraints derived here as well
as other low-energy constraints given in Table II, especially from neutrinoless double beta
decay. A detailed phenomenological analysis of this D-parity breaking scenario in our class
of L-R seesaw models and their correlation with successful leptogenesis will be presented in
a future communication.
V. CONCLUSION
We have analyzed the leptogenesis constraints on the mass of the right-handed gauge boson in
TeV-scale Left-Right Symmetric Models. While the existing bound of MWR > 18 TeV applies for
generic LRSM scenarios with small Yukawa couplings, we have found a significantly weaker bound
of MWR > 3 TeV in a new class of L-R seesaw models with relatively larger Yukawa couplings,
which is consistent with charged-lepton and neutrino oscillation data. The key factors responsible
for our result are: (i) specific textures of the Dirac and Majorana mass matrices to ensure that the
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neutrino and charged-lepton data are satisfied, even for large Yukawa couplings, (ii) suppressed
dilution effect from WR-mediated scatterings and decays, and (iii) inclusion of flavor effects in the
lepton asymmetry calculation. This lower bound of MWR > 3 TeV is obtained for the case gL = gR
and will be proportionately weaker for the gR < gL case. The bounds obtained here are comparable
to the existing collider and low energy bounds, and more importantly, makes it difficult to falsify
leptogenesis at the LHC by the discovery of the WR alone. Determining other parameters of the
theory such as masses of the right-handed neutrinos and the Yukawa couplings could however help
us to test the validity of the leptogenesis hypothesis.
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Appendix A: Reduced Cross Sections
The reduced cross sections for the dominant processes involving RH currents which determine
the scattering rates γSRlα in Eqs. (22) and (23) are given by [14, 50]
σˆNlRu¯RdR(x) =
9g4R
48pix
1− 3x2 + 2x3
[(x− aR)2 + aRcR] ,
σˆNu¯R
eRd¯R
(x) =
9g4R
8pix
∫ 0
1−x
du
(x+ u)(x+ u− 1)
(u− aR)2 ,
σˆNdReRuR(x) =
9g4R
8piaR
(1− x)2
(x+ aR − 1) , (A1)
where aR = (MWR/mN1)
2, cR = (ΓWR/mN1)
2.
There are analogous ∆L = 1 processes mediated by the scalar fields.9 The reduced cross sections
9 Above the electroweak phase transition scale, the SM-like Higgs doublet does not have a VEV, and hence, there
is no mixing between LH and RH neutrino fields induced in the gauge interactions of the theory. Thus, the only
relevant SM contribution comes from the Yukawa interactions.
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for these processes are given by [10, 64]
σˆNαLlQuc (x) = 3αu
(
ĥ∗lαĥlα + ĥ
c∗
lαĥ
c
lα
)(
1− aα
x
)2
,
σˆNαu
c
LQc (x) = σˆ
NαQ
Lu (x) = 3αu
(
ĥ∗lαĥlα + ĥ
c∗
lαĥ
c
lα
)(
1 +
aα
x
[
ln
(
1 +
x− aα
ar
)
− 1
])
, (A2)
where αu = Tr(h
†
uhu)/4pi ' αWm2t /2M2W , aα = (mNα/mN1)2 ' 1 for quasi-degenerate heavy
neutrinos, and ar = (mIR/mN1)
2, where mIR is an IR regulator for the t-channel processes involving
massless particles. Here, mIR is chosen to be the Higgs thermal mass Mφ(T ) = [2D(T
2 − T 2c )]1/2
for T > Tc, where Tc is the critical temperature given by Eq. (54), and for T ≤ Tc, mIR = MH
(zero-temperature Higgs mass).
There are additional ∆L = 1 reactions involving the SM gauge bosons Vµ = Bµ,W
a
µ in the initial
or final states. To leading order in ar, the corresponding CP -conserving reduced cross sections are
given by [10]
σˆ
NαVµ
Llφ
=
nV g
2
V
8pix
(
ĥ∗lαĥlα + ĥ
c∗
lαĥ
c
lα
)[ (x+ aα)2
x− aα + 2ar ln
(
1 +
x− aα
ar
)]
,
σˆNαLl
φ†Vµ
=
nV g
2
V
16pix2
(
ĥ∗lαĥlα + ĥ
c∗
lαĥ
c
lα
)[
(5x− aα)(aα − x) + 2(x2 + xaα − a2α) ln
(
1 +
x− aα
ar
)]
,
σˆNαφ
†
LlVµ
=
nV g
2
V
16pix2
(
ĥ∗lαĥlα + ĥ
c∗
lαĥ
c
lα
)
)(x− aα)
[
x− 3aα + 4aα ln
(
1 +
x− aα
ar
)]
, (A3)
where gV = g
′, gL and nV = 1, 3 for Vµ = Bµ,W aµ , respectively. It turns out that these ∆L = 1
scatterings involving only the SM fields are sub-dominant compared to those involving WR in our
L-R seesaw model (cf. Figure 1).
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